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I. INTRODUCTION

The loading on equipment and structures caused by shock diffraction
and drag have been of particular interest to the Army ever since the in-
troduction of nuclear weapons. Because of the inherent three-dimensional
(3-D) nature of such loading, the more commonly accepted method for
ascertaining this loading has been through field testing, dating from
atmospheric nuclear tests to current tests of large-scale high explosives.
Because of the high cost and necessarily complex planning involved, these
tests are held infrequently. Unpredictable anomalies such as jetting
frequently occur, often with the intended targets receiving loadings
considerably different from that which had been expected. Space for
targets and data acquisition equipment is invariably at a premium
during these tests, leaving potentially valuable tests untried, and
worthwhile data ungathered.

As pointud out by Taylor! in 1972, the accepted methods for
computing shock diffraction loading on simple structures as outlined in
the US Army Technical Manual TM-5-856-12, hereinafter referred to as
the Technical Manual, are no longer sufficiently accurate for studies
in blast hardening and vulnerability assessment. The models outlined
in the Technical Manual treat a given 3-D structure, such as a rectan-
gular parallelepiped, as being locally two-dimensional. loading is then
computed based on the speed at which a rarefaction wave travels across a
characteristic dimension of the given target face. During the last
several ycars, numerical methods in the form of hydrodynamic computer
codes (hydrocodes) for simulating 3-D shock diffraction over obstacles
have beon advanced to the point where they can be used to complement
and, in some cases, replace the use of experiments and models such as
those in the Technical Manual.

The objective of the present work is to illustrate the capabilities
of two hydrocodes for predicting shock diffraction loading and to com-
pare them with two semiempirical models. The hydrocodes used for the
comparisons are HULL and BAAL. One semiempirical model is that from
the Tochnical Manual, and the other is an improved model sngpested by
Taylor?.

A reference problom is defined: the $-280 Electrical EBquipment
Shelter struck by a 34.5 kPa (5.0 psi) overpressure step shock. Im-
provements to the models for determining loading in the Technical

. 0. Taylor, "4 Method for Prodicting Rlaat Loads During the

Diffraction Phase," Tho Shock and Vibration Bulletin, NP, 4% Part
4 of &, Shock and Vibration Center, laval Research Laboratory,
Nashington, UC, p. 135 (Jan ?2).

3"Dcsign of Structures to Resist the Bffects of Atomic Woapona," U
Army Corpe of Engincers EM-1110-845-413, 1 July 1988, (UNCLASSIFIED).
(Republished av T15-856-1 in 19885.)
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Manual are suggested; these improved models give good agreement with
the hydrocou. results. The BAAL hydrocode has previously been shown
to compare well with experimental shock loading on a similar rectan-
gular parallelepiped at the same shock strength. Finally, a discussion
is presented on the net rotational moments on the shelter as predicted
by the several methods.

IT. REFERENCE PROBLEM
A. Target

The target is an S-280 Electrical Equipment Shelter (hereinafter
referred to as the shelter), 3.62 m wide, 2.17 m deep, and 2.11 m high.
The shelter is sitting on the ground with one of the larger of the two
different sized faces, defined here as the front face, oriented so that
it is normal to the velocity vector of an oncoming one-dimensional (1-1)
shock wave.

B. Shock and Ambient Conditions

The shock wave is a step shock with an overpressure p* = 34.5 kPa
(5.0 psi). Ambient conditions ahead of the shock are temperature
T, = 288.2°K (518.7°R), pressure p, = 101.3 kPa (14.7 psi), and

donsity p) = 1.225 kg/n® (.0765 1bo/ft5). The air both ahead of and

behind the shock is assumed to be a polytropic gas, with a ratie of
specific heats y = 1.4, Throughout the remainder of this report. the
interaction of this shock wave with the shelter described above will
frequently be referred to as "the present case."

C. One-Dimensional Check

A simplified, locally 1-D model that can be used to represent the
flow field at the time that the incident shock reflects from the
shelter's front face is shown in Figure 1. The flow field shown is
for a shock tube with a closed end. Region ] represents the ambient
air; region 2, the air behind the incident shock wave; region 3, the
shock tube reservoir; and region 4, the accelerated flow region between
the expansion wave and the contact surface. Finally, region 5§ is the
region behind the shock wave which reflected of f the rigid wall that
represents the shelter's front face. The subscripts used with flow
ficld variables in this roport indicate the particular region of

interest.

The values of the €low field variables for the 1-D check can be
calculated from the shock tube relations with the shock and ambient
conditions specificd above. These 1-D variables are summarized in the
table in Appendix A. The theoretical value of the peak reflected
overpressure of 78.5 kPa calculated with the 1-0 model is an excellent

10
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refergnce point to use in assessing the validity of the hydrocode

591ut10n§ of the real 3-D case. The initial reflection process at any
given point on the front face is 1-D until the expansion waves coming‘
in from the top and side edges of the front face arrive at that point.

IT1. SIMIEMPIRICAL MODELS

A. Background

Prior to presenting the results of the hydrocode computations, it
is worthwhile to discuss the existing semiempirical models used to.
determine shock loading on 3-D structures. This allows not only a
comparison between the loading predicted by the models, but also allows
later comparison to the loading predicted by the hydrocodes. The chosen
semiempirical models are (1) those from the Technical Manual”, and (2)
the improved models suggested by Taylor!,

B. Technical Manual

The equations presented here are for a step shock, and any mention
of the terms "shock" or "shock wave” in the following discussien arce ta
be construed as referring to a step shoek unless specifivally noted to
be otherwise. The semiempirical models in the Technical Manual are for
decaying shock waves, but the relations can be casily modified to velate
to stop shocks. The derivations of the step shock equations from the
decaying shock wave equations in the Technical Manual are given in
Appendix B.

The Technical Manual models of interest here assume that the shock
wave strikes a rectangular parallelepiped with the velocity vector of
the shock wave normal to one of the faces of the pavallelepiped.  That
face is defined as the front face. A semiempirical omel which shows
the shock reflection and subscguent cxpansion wiave interactiann ix
given for the front face. A sealempirical model ig given for the back
face which shows the shock expansion around the P0.degrec corners with
the top and side faces. A coabined model is given for the top and xide
faces, showing shock movement along those faces pluk wave interactions
from the front and back faces.

These models from the Technical Manual, sedified for step shocks,
are discussed below. The pradictions made using theze models are alse
discussed and presented for luter comparizon with other models and with
the hydrocwde results. Any numerical values such as tound spoed, shock
speed, or overpressure refer specifically to the interaction of the
reference 34.5 kPa step shock with the shelter (the preseat casel.

1. Front Face. The model in the Technical Manual for caliulating
the loading on the front face is hased on an assumed clearing time T

where

12




A
TR i
RS |

., t = (1)
e & 5

SR
I
=

r.«"r—

Here, Ce is the sound speed on the front face of the shelter after the
shock has reflected from it; for the present case, Cg = 369.6 m/s. The

value to be used for h is the smaller of either the height of the shelter
or one-half the width; for the present case, h = 1.81 m. This gives a
clearing time for the shelter t, = 14,69 ms, where t, is "... the time

required to clear the front wall of reflection effects,"? During this
time, the average overpressure on the front face, ﬁ;, decreases from the

peak reflected overpressure to a value

2

< _ 1
p; = (py - py) + 0.85 5 p5u,. (2)

Here, P, is the pressure behind the shock, 0y is the density behind the
shock, and u, is the particle velocity behind the shock. For the

present case, the peak reflected overpressure on the front face is
(p5 - pl) or 78.5 kPa (11.4 psi), and p% is 37.9 kPa (5.49 psi); Pg is

the pressure behind the reflected shock. Figure 2 shows the history of
the average overpressure on the front face of the shelter calculated
using the model in the Technical Manual. The term "average overpressure"
refers to a spatial average on the shelter face at a given point in

time, or at a series of points in time. In the later discussions
concerning the hydrocode computations, average overpressure means a
weighted spatial average, with the weighting based on the areas of the
flow-field cells adjacent to the shelter surface. The other data

shown in Figure 2 for the front face will be discussed later,

2. Back Face. The time required for the incident shock wave to
arrive at the plane of the back wall is

) (3)

EIU

i
where D is the shelter depth, and wi is the velocity of the incident
shock. For the present case, D = 2.17 m and Wi = 386.8 m/s, so
ty = 5.616 ms.  The rise time? required for the average pressurc on the
back face to go from ambient at time t, to its peak value is

(t) e = o, (4)

Tise =<
1
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where a = 4.0, S is the sound speed ahead of the shock, and h is
defined as before. Here, h = 1.81 m and ¢, = 340.3 m/s, so (t

<1 blrise
21.28 ms. The peak average overpressure’ on the back face is
P = 1 -8
(pb)max = 7 (pz = PI) [l + (1 = B)C ]: (5)
where
- N )
2 P

or (ﬁ;)max = 29.3 kPa.

Because the shock wave considered here is a step shock, the model
in the Technical Manual implies that the average overpressure on the
back fare would remain at (pg)m&x indefinitely. The overpressurc

history calculated using this model is represented by the solid line
labeled MBACK" in Figure 2.

Figure 3 shows the history of the average pressure difference
between the front and back faces of the S-280 shelter using the
Technical Manual wodel. The other data in Figures 2 and 3 will be
discussed later.

3. Top and Side Faces, From the time t = 0,0 s, when the incident
shock wave reaches the plane of the front face of the target, to the
time t, at which the shock wave reaches the plane of the back face, the

s s . a
average overpressure on the top face varies linearly' from zero to

te

p! | [¥] P: ) p} 7
Blop = (P2 - 1) |00 v 0t {10 L) | o

-~

For the present case, ﬁ:op = 32.5 kPa at v, = 5.616 ms.  To account for

vortex growth, shedding, and subsequent travel down the top face, the

model predicts a local minimwe in the average overpressure at the time

sh

= ]
pain ~ W, ° (8
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which for the present case is 28.08 ms. At that time, the average
overpressure at the top face is calculated? as either

—~

_ Py - D 1/3 .
Piop = (b, - 91> 2.0 - (’25'1"1 * 1) (%) ] S

or

P

i 2
_ Py - P
Plop ™ (py - by )| 05+ 0125 (2 - 21} |, (9.2)
2

whichever is the lesser of the two. At this time, Ezop = 25.2 kPa for

the present case. After this time, there is a lincar risc in the
average overpressure to a value

Ptop “ P2 = P1 » (10

from the time tpmin to a time

t=t . +1SD

pain * W an

For the present case, t = 98.28 ms and F:op = 34.5 kPa, the incident

shock overpressure.

According to the method outlined in the Technical Manual, the
geometry of the shelter is such that the times and average overpressures
for the top face also apply directly to the side faces of the shelter,
Figures 4 and 5 show the overpressurc history for the top and side
faces, respectively, of the shelter for the present casc calenlated
with the above method. ‘the hydrocode data and the proposed model shown
in those figures will be discussed later.

C. Taylor's Model

1. Front Face, 1hylor’ suggested an altornate madel to that of
the Technical Manual to estimate the loading on the front face of an
obstacle, based on the number of rarefaction wave crossings. For a
3-D object such as the shelter, there will be a succession of rarvfac-
tion waves originating from the top of the front face and reflecting
from the bottom boundary, plus a succossion of rarefaction waves
originating from the side of the front face and reflecting from the
symmotry plane. The reflected waves will also be rarefaction wives.
In an actual occurrence of loading through shock diffraction, there

1?7
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would be considerable interaction between the crossing expansion waves.
Because Taylor intended that the model be a simple approximation, the
waves are assumed not to interact with one another. As a further sim-
plification, the rarefaction wave speeds are assumed to be equal to the
sound speed in the reflection region immediately after the incident
shock reflects from the front face.

Using Taylor's model, the required crossing time for an expansion
wave running from the top to the bottom of the front face is 5.704 ms;
for an expansion wave running between the side edge and the symmetry
plane the crossing time is 4.897 ms, These times are based on a shelter
height of 2.11 m, a one-half width of 1.81 m, and a sound speed
Cg = 369.6 m/s., For each expansion wave crossing, the average over-

pressure on the front face is then calculated as a percentage of the
initial reflected overpressure on the front face. The values for average
overpressure using Taylor's fitted curvel! are summarized in Table 1 and
shown in Figure 2,

TAL'™ 1. FRONT FACE AVERAGE OVERPRESSURE, TAYLOR'S MODEL

o
S
d
|

Time Rarefaction Wave % Reflected Overpressure
(ms) Wave Number* Description Qverpressure (kPa)
0.0 - - 100.0 78.5
4.9 1 Side to Symmetry 86.9 68.3
Plane
5.7 2 Top to Bottom 68.5 53.8
9.8 3 Symmetry Plane 57.3 45.0
to Side
11.4 4 Bottom to Top 2.8 41.5
14.7 S Side to Symmotry 50.4 39.6
Plane

*Model stops at crossing number S,

Taylor's model indicates a more rapid unloading of the front face
during the diffraction phuse than does the Technical Manual. (The
diffraction phase on the front face lasts from the initial shock arrival
until all wave interactions on that face have ended.) The two models
arc ncarly the same for the drag phase on the front face (t > 1§ ms).
(The drag phase begins at the end of the diffraction phase for a given
face.) The diffraction phase for the whole shelter ends when there

20




are no longer any wave interactions anywhere on the shelter: this ends
at t = 20 ms. This and the hydrocode data showa in Figure 2 will
be discussed later.

2. Back Face. Taylor's! data indicate that the constant « used
in Equation (4) should be changed to 2.5 from 4.0. This gives a more
rapid pressure rise time of 13.30 ms on the back face as compared with
that calculated with the model in the Technical Manual. The overpressure
history for the back face of the shelter calculated with Taylor's
method is also shown in Figure 2. It shows much more rapid loading of
the back face than does the Technical Manual model; the late-time loading
is the same. Figure 3 shows the history of the average pressure
difference between the front and back faces of the shelter using the
models outlined by Taylor. The net loading predicted by Taylor's models
is much less than that for the Technical Manual for nearly all of the
diffraction phase. The hydrocode data shown in Figure 3 will be
discussed in a later section.

3. Top and Side Faces. Taylor did not suggest an improved method
for computing the average overpressure on the top and side faces of an
object such as the shelter.

IV. HYDROCODES

A, Background

until relatively recently, models such as those outlined in the
Technical Manual were the accepted means for calceulating the leading
on a structure being struck by a shock wave. Taylor! pointed out the
more serious deficiencies in the simple models being used, particularly
the poor modeling of three-dimensional effects, and suggested a simple
but eof fective model based on wave interactions. A more gencralized
version of Taylor's wave interaction model has since been adavted in
the TRUCK code by Hobbs, et al.? Two features of this model are the
ability to mode]l oblique loading and more complex target shapes.

However, it was apparent that a more general and accurate computa-
tional model than that offered by the simple models was needed. At the
time of Taylor's! paper, hydrodynamic computer codes capahle of solving
the Buler equations (and in limited cases the Navier-Stokes equations)
for two-dimensionil flow were fairly well established. Advances were
also being made in the development of hydrodynamic computer codes

3.‘:’. P. Hobbe, 7. P. Walsh, G. Jartarian, W. . Lee, and Y. M, "TRUCK -
A Digital Computer Program for Caleulating the Reapowae of dyes
Vehioles fo Blaat Waves," Ballistic Researeh laboraicyu Uontpce!
Report No. 003689, Aprii 1978, (URCLASSIFIED). (AD #A050347)




capable of solving three-dimensional problems. The Ballistic Research
Laboratory (BRL) wanted to obtain a reliable 3-D hydrocode for shock
diffraction loading and free air blast calculations. The two hydrocodes
tested in detail are described below.

B. BAAL

One of the several hydrodynamic computer codes being developed at
the Los Alamos Scientific Laboratory (LASL) was the implicit, arbitrary-
Lagrangian-Eulerian (ALE) hydrocode BAALY. The computing methods used
in BAAL are described for two-dimensional flow by Hirt, Amsden, and
Cook®, and also by Amsden and Hirt®, The extension of these methods to
three-dimensional flow is described by Pracht’?. As a result of dis-
cussions with representatives of the Ballistic Research Laboratory
(BRL), LASL was contracted to perform a computation using the BAAL
hydrocode, simulating the three-dimensional shock diffraction loading
experiment performed by Taylor! at the BRL using a solid rectangular
parallelepiped as a target. The results of this computation have been
reported®. These results have also been reported in the open literaturc
along with a discussion of the solution technique®. The BAAL calculation
involved a solution of the inviscid Fuler equations, with artificial
viscosity used to stabilize flow in regions of deceleration. (The BAAL

. E. Prasht and J. U. Braokbill, "BAAL: A Code for Caleulating
Thpoe-Dimanaional Fluld Flowg at ALl Speeds with an Eulerian-
Lagrangian Corputing Mesh," Los Alamos Sotentifie Laboratory
Report lA-6343, Auguet 1876,

e, w. Hipt, A, A. Amsden, and J. L. Cook, "An Avbitrary lagrangian-

Bulerian Computing Method for ALl Flow Speade," J. Comp, Piys, 14,
1974, pp. 287883,

Av A Ampdaw and €, B, Bipt, "PAQUI:  An Arkitrary Tacvengdan-

Sulerian Corpuier Program for Pluid Flow at Al Hpeede, " Lea Alamer

SetentiPe laboratory Report [A-5100, Mareh 1973,

$ o

?W. £, Pracht, "Calowlating Thres<Dimennioral Fluid #leve at AT? Spoede
with an dulerian-lamangian Computing Mesh,” J. Comp Phya, 10, 1975,
pp. 132-159.

3%. A, Gentyu, L. B, Stein, and €, W, Hipt, "Thpec-DMrenpions! Amtlveds
pf Sheak loade on @ Sisple Ftrueture,® Bailistds Receavel labopatops
Comtiiot Report fo. 213, Marehk 1875, (UNCLASSIFIED) . (AD 2B0032081,)

95. oo Stedn, BuOAL Gentry, awd C. ¥, Birt, "Computaifcual Ofadation
oF Pranalent Blagt foading en (Yree-Dimenstomal Stywtures
Computer Nethoda in Applied Meobanios and Enginceriwns {1, 1977
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code has the capability of solving the full Navier-Stokes equations for
some flow situations.) In general, the BAAL computation showed
excellent agreement with the experimental pressure data for both the
front and back faces. Experimental data were not taken on the top and
side faces. As a result of the confidence gained in the BAAL code

from this comparison, LASL was contracted to perform a second computa-
tion. This was for an S-280 Electrical Equipment Shelter struck by a
34.5 kPa (5.0 psi) step shock wave, the reference case discussed
earlier. The results of this computation have been reported previously!?,
Using the data generated in the BAAL computationl!® for the 34.5 kPa ,
overpressure shock wave diffracting over the shelter, and using a simple
scaling model suggested by the BRL to extrapolate the 34.5 kPa data to
estimate pressure histories for other comparable shock overpressures,
Calligeros et al.ll predicted responses of the shelter to various shock
waves for Event Dice Throw. Ethridge!? has used Taylor's results!
together with other experimental data to construct correlation functions
for blast diffraction loading on the front and rear surfaces of a rec-
tangular parallelepiped. Those correlation functions are compared!?

with the data of Taylor! and Lottero!®, showing good agreement.

C. HULL

During approximately the same period that the three-dimensional
BAAL computations were being run, a three-dimensional capability was
being added to the HULL!3 hydrodynamic computer code at the US Air
Force Weapons Laboratory (AFWL). The major differences between the HULL
and BAAL hydrocodes are that HULL solves only the inviscid Euler
equations, uses an explicit finite difference algorithm, and is re-
stricted to a fully Eulerian computing mesh comprised of cells which
are rectangular parallelepipeds. The AFWL wished to verify the new

IOR. E. Lottero, "Computational Predictions of Shock Diffraction lLoading
on an S-280 Electrical Equipment Shelter," Ballistie Reacarch
Laboratory Memorancwn Report No. 2599, March 1976, (UNCLASSIFIED).

11}.4\ l}* ‘ A@éz"?z"éém, J. P. Walsh, and R. P. Yeghiayan, "Struetural
Modeling and Reaponse of Command, Control and Commnication ‘helter
Syotema for Event Dice Throw," Ballistic Research Laboratory
Contract ROpOPt No. 004281, March 1980, (UNCLASSIFIED) . (AD HA085759)

2y, n. Ethridge, "Blast Diffraction Loading on the Front and Rear
Surfaces of a Reetangular Parallelepiped,” Ballistic Reoecarch
Laboratory Memorandum Report No. 2784, September 18977, (UNCLASSIFIED).

D ¥A050312 .
zsﬂfAh. ggy, k.)E. Durret, G. P. Canong, D. A. Matuska, M. D, Stucker,

B. S. Chambers, C. E. Needham, and C. D. Westmoreland, "Ihe HUIL
Hydrodynamics Computer Code," US Air Foree Weapora laboratory
Technioal Report ?6-183, September 1972, (UNCLASSIFIED).
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three-dimensional HULL against existing experimental data or proven
codes., The BRL wished to gain access to another reliable three-dimen-
sional hydrocode, because it appeared that BAAL might not be immediately
available for production work. The AFWL supplied the computing
facilities and the three-dimensional HULL code; the BRL supplied the
test problem and the analysis of the hydrocode output.

The problem chosen for the HULL computation was the reference
problem described earlier, identical to that run in the second BAAL
computation10 including the flow field grid formulation. This was

chosen to gain corroboration for the BAAL computation for the shelter
in time for Event Dice Throw.

V. HYDROCODE COMPUTATIONS

Before discussing the results of the hydrocode calculations, the
general nature of the computations will be described. This section and
its associated Appendix C together describe the direction and index
conventions, the computational grid, the computation identifications,
various flow parameters, computer mainframes and central processor
unit (CPU) times, initial shock locations, and other such characterizing
data concerning the computations.

Because the HULL and BAAL codes use different conventions for
naming directions and indices, the BAAL results and the flow ficld
diagram are reproduced in part using the HULL hydrocode conventions.
Figure 6 shows a 3-D view of the shelter in the computational flow
field. The computational grid is discussed in detail in Appendix C.

While there is just one BAAL computation for the shelter, there
are two complete HULL computations, designated HULL 19.8063 (hereafter
referred to as HULL A) and HULL 19.8067 (hereafter referred to as
HULL B). There is also an earlier incomplete HULL computation,
designated HULL 202.1 (hereafter referred to as HULL C), that contains
some interesting features. All three HULL runs are for the same
34.5 kPa step shock wave. The initial formulations of the four
computations are summarized in Table 2.

Analysis by the BRL revealed that the computation for HULL C was
not valid after 19 ms simulated problem time because of the arrival of
an artificial wave at the front face. The reflected wave from the
front face had traveled upstream, eventually arriving at the upstream
transmissive boundary through which the HULL code had been feeding the
step shock. Because the algorithm for the upstream transmissive
boundary was formulated to function as a simple positive image
boundary, the initially constant input wave was modified by the arriving
compression wave and its following expansion wave. Ultimately, this
artificial interaction at the upstream transmission boundary caused the
incoming, originally steady, wave to be almost completely turnad off,
with the artificial wave arriving at the front face by 19 ms simulatad
problom time.
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With the information from the anal-sis of HULL C and from
extensive analyses of other problems b. AFWL, improverents to 3-D HULL
were made by AFWL. The problems labsled HULL A and HULL B were run at
AFWL in a cooperative effort by the BRL and AFWL using the improved
2-D HULL. These two HULL runs are identical except that for HULL A the
shock is started at seven flow field cells upstream of the $-280
shelter front face, whereas for HULL B the shock is started at the
front face of the shelter, as was the case for the BAAL run and HULL C.
Artificial viscosity was used for both the BAAL run and HULL C; no
artificial viscosity was used in HULL A or HULL B, Also, HULL C was
run with a Courant-Friedrichs-Lewy (CFL) stability factor n = 0.15,
while both HULL A and HULL B used r, = 0.50.

VI. LOADING ON SHELTER FACES
A. Remarks

This section contains detailed discussions of the loading on the
shelter, with individual sections on the front, back, top, and side
faces. The hydrocode results and the predictions made from the
Technical Manual's ~:.d Taylor's semiempirical models are compared with
one another,

B. Front Face

Figure 7 shows 2 comparison of the average overpressure on the
front face of the shelter computed with BAAL; HULL runs A, B, and C;
the Technical Manual; and Taylor's model. The two simple models both
show the theoretical peak overpressure of 78.5 kPa at time zero. The
first data point for the BAAL computation is at t = 1.57 ms, showing
an average overpressure of 74,3 kPa for the front face, 5.4 percent
below the theoretical peak value. No pressu~: data prior to this time
were furnished to the BRL, and hence the character c¢f the BAAL computa-
tion from 0 €t < 1.571 ms is unknown.

HULL C is the HULL computation that most clusely resembles the
BAA. computation in its general nature. These two computations use
cssentially the same grid (See Appendix (); they are both started with
the shock at the front face. Both computations use a form of artificial
viscosity, applying it only in regiiss of deceleration, although the
actual form of the BAAL viscosity function® is different from that used
in the HULL codel*. As can be seen ii Figure 7, the HULL C computation
appears to he stable from time zero up to 19 ms, after which the

Hp, p, Lurn, H. J. Happ III, and C. E. Needham, "Development of an
Aptiflotal Viscoaity Fumetion," US Air Force Weapona lLaboratory
Yeahnical Report ?7-53, September 1977, (UNCLASSIFIED. .
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Figure 7, front face average overpressure .,
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solution drops off significantly due to the arrival of the artificial
wave discussed earlier. The computation after 19 ms is not plotted.
The HULL C computation reaches a peak average overpressure of approxi-
mately 69.0 kPa at 1.3 ms, 12.1 percent less than the thcoretical peak.
From a time of 2.5 ms to 17 ms, the BAAL and HULL C computations are
nearly identical. After this time, the BAAL computation tends to rise
to values above the others, whereas the HULL C computation begins to
converge with the other HULL computations until it is destroyed by the
artificial wave,

The agreement between the HULL C and BAAL runs is quite remarkable,
particularly so because the HULL code is using a computational grid
designed for BAAL. Normally, the HULL code uses grids in which the
cell-to-cell variation in size is kept to less than 5 to 10 percent in
the region where the solution is desired, or in any region through which
a wave must pass oh its way to the region where the solutiorn is desired.
The BAAL grid has ccll-to-cell variations in size on the shelter face
of 25 percent in the X direction, and as large as 25 percent for most
cells in the Y and Z directions, with much larger variations in the
general flow field away from the shelter. As indicated in ecarlicr
work!0 there is excellent agreement between the experimentally measured
average overpressure and the average overpressurc computed with BAAL
for the front face of a rectangular parallelepiped, using a similar grid.
This agreement gives reason for confidence in the validity of the RAAL
computation for the shelter front face, except for late time where the
average overpressure computed with BAAL seems high, and for pressure
anomalies in the computation at the cdges of the front face.

The next comparison of interest in Figure 7 is that of ULL C with
HULL B. The input data, initial flow fields, and finite difference
grids for these two computations arc identical except that HULL B uses
n= 0.5 and no artificial viscosity, and HULL C uses n = 0.15 with
artificial viscosity turned on. There are significant differences
between the results of the two computations early in the diffraction
phase. ‘The HULL B computation shows an overshoot of the average over-
pressure to a peak value of 88,5 kPa at 1.0 ms, 12.7 percent abhove the
peak theoretical value of 78.5 kPa, and 28.2 percent above the peak
average overpressure of 69.0 kPa at 1.3 ms in the HULL € computation.
The HULL B computation also shows significant oscillation about the
results of the HULL C computation for t « 6 ms., It is doubtful that
the higher CFL number, n, for HULL B is the primary causce of this
oscillation; it is more likely due to rumnning the code without artifi-
cial viscosity, combined with having the shock started ax a disconti-
nuity at the shelter front face. It is of Interest to notce that at
1.6 ms (the HULL B datum closest in time to the first datum of the BAAL
computatiun at 1.571 ms) the HULL B computation shows an averape overs
pressure of 76.4 kPa, 2.7 percent less than the theorctical peak
refiected vve ressure of RS kPa.




The setup of the HULL A computation is identical with that of the
HULL B computation except that the HULL A computation begins with the
shock located seven flow field cells upstream of the shelter front face.
As can be seen in Figure 7, the movement of the shock through those
seven flow field cells results in a significantly different average
overpressure history on the shelter front face for HULL A compared
with HULL B. Signals from the computational shock in HULL A, spatially
in the form of a forward, exponentially decreasing function, arrive
well ahead of the theoretical shock arrival time. These early signais
are then reflected back continuously into the main portion of the on-
coming computational shock wave, ultimately reducing the peak over-
pressure, and delaying and spreading it in time. The peak average
overpressure for HULL A is 69.0 kPa, 12.1 percent less than tie theoret-
ical peak, occurring at 4.35 ms after the theoretical arrival time of
the shock wave at the front face. By 4.35 ms, the theoretical location
of the shock wave is actually 1.68 m downstream of the front face, 77.5
percent of the distance to the plane of the back face. Gentry et al.®
show the same qualitative effect in comparing the results of a BAAL
computation for a step shock started at the front face of a rectangular
parallelepiped with that for an identical shock in the same grid
started five flow field cells upstream of the front face.

The almost exact agreement in peak average overpressure for the
shelter front face between HULL C and A is most likely coincidental.
The effect manifesting itself in HULL A is numerical diffusion caused
by using a CFL number less than 1.0 (n = 0.50) and having the shock
move through seven highly nonuniform flow field cells prior to inter-
acting with the shelter. The X-direction cell-to-cel) variation in
size between the seventh and sixth cells upstream of the shelter front
face is 45.0 percent. The carly time effects in HULL C governing the
development of the peak average overpressure on the front face are due
almost entirely to the cffects of the modifications via artificial
viscosity to the pressure difference!®»!® used to compute the accelera-
tions in the Lagrangian phase of the HULL computation!®. The HULL A
and HULL B computations converge with one another by 20 ms, as should
be expected. The HULL C computation appears to have been tending
toward converging with the other HULL computations just prior to its
being destroyed by the artificial wave discussed earlier.

The solutions obtained by using the model outlined in the
Technical Manual and that suggested by Taylor! are also shown in
Figure 7. All six average overpressure histories suggest that the
wave interaction, or diffraction, phase on the front face lasts for
about 15 ms, and is then followed by the drag phasc. The Technical
Manual solution for the diffraction phase is significantly different

——

g, ». Richtmyer and K. W. Morton, "Differcnce Mothoide for Initial
Value Preblems," 9d Ed., Imterseience Publishers, Ime., Bew York,

New York, 1967, pp. $11-317.
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from all of the other solutions, except that it is nearly identical to
Taylor's solution in the early part of the diffraction phase. It agrees
well with the HULL B solution throughout the drag phase, with the BAAL
and HULL C solutions in the early drag phase, and with the HULL A
solution shortly after the beginning of the drag phase. The overpressure
calculated with Taylor's model, although it is somewhat high, shows good
agreement with the hydrocode solutions throughout the diffraction phase,
except for regions where the hydrocode solutions show the questionable
behavior discussed earlier. This good agreement, coupled with the ease
with which the model may be applied, makes Taylor's model most attractive
for estimating front face diffraction loading. Taylor's solution for

the drag phase is consistently above all of the others, except for the
late-time BAAL solution.

Appendix D contains a comparison of the HULL B prediction for
average overpressure on the shelter front face with Ethridge's!?
empirigal correlation function and a gage weighting function used by
Taylor*.

C. Back Face

Figure 8 shows a comparison of the average overpressure on the
back face of the $-280 shelter as computed by BAAL, HULL runs A and B,
the Technical Manual, Taylor's! suggested improvement to the Technical
Manual model, and a proposed model. There is excellent agreement
among the three hydrocode computations. The results for the two existing
semiempirical models!,? differ from those for the hydrocodes, particu-
larly the model from the Technical Manual. As indicated by Gentry
et al.®, the average overpressure on the back face in the BAAL computa-
tion for the rectangular parallelepiped agrees quite well with the
experimentally measured average overpressure. This led to the conclusion
that the average overpressure on the back face of the shelter as
computed with BAAL may also be considered to be an accurate estimate.
This conclusion is strongly reinforced by the agreement shown by HULL
runs A and B. The three hydrocode computations show a much faster
rise time vequired to reach the peak average overpressure, and that the
pesk is higher than that predicted by the semiempirical models. The |
hydrocodes also indicate a local pressure peak around 19 ms, most
likely due to the interaction with onc another of the weakened shocks
breaking over the top and around the side faces.

It is a fairly direct matter to modify the existing models for
average overprossure on the back face to better fit the hydrocode
results, at least for this case. As before, Equation {3) gives
t) 5.62 ms, with pj = 0.0 for t & t,. It is proposed that the

constant a in Equation (4) be modificd 50 that a = 2. The modificed

risc time is then (th)riso = 10.64 ma. The peak average overpressure

on the back face may be computed by using a modified version of
Equation (5),

-
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Tk = 1 -nfg
Py pax p*(t)b<7> [1 + (1-B)e ] , (12)
with n = - }-and p*(t),. = (p,-p,). The 5
3 3 b Py-PyJ- average sverpressure on the back
face, p}, varies linearly from a value of 0.0 at t = t, to (5;) at
_ max
t=ty+ (tb)rise' For the present case, (pl’;)max = 32.4 kPa at t = 16.3 ms.

There is a decompression phase, lasting from

(2.5)h
tq* Cplrise| ST Jta* (plrise * 7 [+ Y
where (ﬁg) varies linearly from (ﬁg)max to the value (ﬁ;)drag. This
value is found by substituting n = 0 into Equation (12), so that
— _ _1_
(P drag = P*(t)y (2) <2-s> . (14)
Equation (14) gives the average overpressure on the back face for
a step shock for all t 2 td + (tb)risa + géEE For the present case,
M 1

(B;)drag = 31.5 kPa for t > 29.6 ms. This modified model is shown in
Figure 8. It fits the hydrocode data well, but its gencrality, like
that of the model on which it is based, may be questionable.

D. Top Face

Figurc 4 shows the average overpressure on the top face of the
shelter as computed by BAAL, HULL runs A and B, the Technical Manual,
and a proposed model. There is excellent agrecment between the BAAL
and HULL B computations throughout the range of simulated time. The
HULL A computation agrees quite well with the other two hydrocode
computations for 0 < t < 7 ms, and for t > 16 ms. For 7 <t <16 ms,
the HULL A solution shows a higher, more delayed peak comparad with
the other computations, This is most likely caused by the delayed,
oxtended, and loss strong reflection that the HULL A computation shows
for the front face. The HULL A computation also shows some top face
loading for t < 0 ws, indicating the arrival of tho furward portion of
the computational shock ahead of the theoretical shock arrival time.

The solid line in Figure 4 represents the average overpressurce for
the top face as computed by using the model suggested in the Technical
Manual. The agreement with the hydrocodes for the first 6 ms, approxi-
matoly equal to the time required for the theoretical shock wave to
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travel along the top face, is excellent. However, the model under-
predicts the peak average overpressure computed by the hydrocodes, and
shows poor agreement for t > 6 ms. As with the models for the back
face, the Technical Manual model for the top and side faces can be
modified without much difficulty to give excellent agreement with the
hydrocode results.

The following modified version of Equation (7) is proposed for
computing the average overpressure on the top face,

2
(—* - p2 - pl
Pop) = (P2 - Py) [A+ -0 {10 - ) ). (15)

where A is a constant whose value depends on whether the maximum, local
minimum, or drag phase overpressure is to be computed. After a delay
time td as defined in Equation (3), the maximum average overpressure

on the top face, (5:op) is computed by setting A = 1, so that

max’
Equation (15) reduces to

(Poplmax = (P2 - P1) - (16)

From time t = 0 to t = td’ the average overpressure increases lincarly

pon ) 3 = .
from zero to (ptop) From time t td to a time

max”

i 2.00D
(ttcp)pmin =ty t 'iq"' ’ (17)

the average overpressure on the top face decreases lincarly from

P p* : = 0.6
(p;op)mux to a value (ptop)pmin’ which is computed by setting A = 0
in Cquation (15). From time (ttop)pmin to a time
1.5 D
(ttop)drag n (ttop)pmin * Wi ’ (18)

the average overpressure on the top face increases linearly from

P p! = 0.8
(p;o ) in to a valuoe (ptop)drag’ which is computed by setting A

in Equation (15); after this time the average overpressurc remains at
(B;op)drug‘ Thus, instead of dealing with several different equations

as suggested in the Technical Manual?, it is only necessary to deal
with an equation of the form of Equation (15), with A = 1.0 for the
maximum, A = 0.6 for the minimum, and A = 0.8 for the drag phase
average overpressures. For the the present case, the model proposed
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above predicts p* = 0.0 kPa at t = * = )
o sp62 EfOP aatt=(.0s, (ptop)max = 34.5 kPa at
Q} .62 ms, (ptop)pmin = 26.7 kPa at (ttop)pmin = 16.8 ms, and
(Ptop)drag = 30.6 kPa for t 2 (ttop)drag = 25.3 ms. The history of

average overpressure for the top face as predicted by the modified model
proposed above is shown in Figure 4.

E. Side Face

Figure 5 shows the average overpressure on the side face of the
shelter as computed by BAAL, HULL runs A and B, the Technical Manual,
and the proposed model. The proposed model, a modification of the
Technical Manual modecl, is also to be used for both the top and side
faces of the shelter. Because of the geometry of the shelter, the side
face is nearly equivalent in size to the half of the top face that is
actually simulated in the hydrocode solutions (the top face is cut in
half by a symmetry plane), and because tirey have similar orientations
in the flaw field, the hydrocode solutions for the side face are nearly
identical with those for the top face. Therefore, the same comments
regarding the relative performance of the hydrocodes and the existing
models for the top face loading also apply to the side face loading.

As noted for the modified model proposed for the back face loading, the
generalitv of this proposed modified model may also be limited.

VI1. NET LOADING
A. Definition

An important point stressed by Taylor! is that the method outlined
in the Technical Manual significantly overestimates the net loading on
a 3-D target, with net loading defined as the average overpressure on
the front face minus that on the back face, Taylor's model predicts a
lower net load on the shelter than does the Technical Manual nodel .

B. Discussion

It is appropriate at this time to refer back to the BAAL and

HULL B plots of overpressure versus time in Figure 2 and the net loading

lots shown in Figure 3. There are scveral reasons why only the BAAL
and HULL B computations arc chosen for comparison. The HULL C solution
for the front face is valid only up to 19 ms, as discussed carlier; the
solution for the back face is no longer available, but in view of the
robloms associated with this computation, it would probably be of
limited value. The HULL A solution shows significant deviation from
the other hydrocode solutions, most likely due to the diffusion of the
computational shock after its having been started seven cells upstream
of the shelter front face. Both the BAAL and HULL B solutions start

with the computational shock at the front face.



As shown in Figure 2, except for the BAAL computation later in the
drag phase (t > 20 ms) and the HULL B computation near t = 0, both
hydrocode solutions.are consistently below the front face average over-
pressure predicted by either Taylor's model or the Technical Manual
model. Conversely, both hydrocode solutions for the back face indicate
that the back face is loaded even more rapidly than Taylor suggests,
peaking and remaining at average overpressure values well above those
predicted by either of the two models for all of the time represented
here. Viewed together, the front and back face loadings from the
hydrocode solutions show a greatly reduced net load on the shelter, as
may be seen in Figure 3. The curves in Figure 3 suggest that the
diffraction phase for the entire shelter is essentially over by 20 to
25 ms, or approximately four crossing times. During the diffraction
phase, both hydracode solutions show much less net loading than that
predicted by Taylor!, which is in turn much less than that predicted by
using the model in the Technical Manual. The implication is that the
whole body response of a 3-D target during the diffraction phase (which
can be relatively long compared with a single crossing time based on the
depth of the structure) may be significantly less than the simple models
predict.

By 25 ms, the nct loadings from each of the two hydrocode solutions
shown in Figure 3 have begun to diverge from one another. The net
loading from the HULL B solution increases with time, but remains less
than that for both of the semiempirical model solutions. The BAAL
solution eventually becomes greater than all of the others; this may he
an artifact of the BAAL computation, but that is yet to be determined.
The data in Figure 3 suggest that the drag phase for the structure as a
whole begins at 20 to 25 ms,

Structural damage to the shelter is generally done during the
diffraction phase: the walls are driven inward and can damage the
equipment inside, reducing or ending its usefulness. At assumcd threat
levels, the diffraction phase produces relatively little whole-body
motion of the shelter; this motion can occur in the drapg phase. It may
be that the shelter and the esuipnent inside will survive the diffraction
phase but will be destroyed by having the shelter roll over and impact
the ground in the drag phase. Thus, understanding what the shelter
loading is during the drag phase is essential. Yet it is during the
drag phase that the limited computational and semfempirical data that .
are available (such as are shown in Figure 3) disagree. Additional
oxperimental and computational data in the dreg phase for three-
dinonsional structures are heoded to better quantify the loading during

this phase.




VIII. ROTATIONAL MOMENT

Neither the existing semiempirical models nor the proposed model
provide any information concerning the locations of the centers-of-
overpressure on the surfaces of a target as a function of time; wave
interaction models could provide such estimates. The TRUCK code?, which
discretizes surfaces for its wave interaction computations, does provide
this capability. To the extent of the credibility of the hydrocodes and

the solutions gained by their use, such information is readily
availablelO,

Figure 9 shows the history of the Z location of the center-of-
overpressure for the front face of the shelter as computed by BAAL, and
by HULL runs A and B. The three hydrocode solutions show remarkable
agreement with one another, although the slight differences do seem to
be systematic. The center-of-overpressure stays quite close to half
way up the front face for nearly all of the simulated time, except for
a slight movement downward during the early part of the diffraction
phase.

Figure 10 shows the history of the Z location of the center-of-
overpressure for the back face of the shelter as computed by the same
three hydrocode ruis. The back face shows considerable variation in
the location of the center-of-overpressure during the diffraction
phase. Prior to the arrival of the shock wave, the center-of-over-
pressure is arbitrarily defined as being at one-half of the height of
the shelter; during that time, the average overpressure is zero by
definition. The HULL A plot indicates the arrival of the forward
section of the computational shock prior to the theoretical arrival
time of t = 5.62 ms at the plane of the back face.

The center-of-overpressurc histories on the shelter front and back
faces take on added significance when considered in conjunction with
the average overpressure histories on the respective faces, just as the
average loadings on the front and back faces do when looked at together
in Figures 2 and 3. The semiempirical models!»? predict higher loading
on the front face than do the hydrocodes. For lack of a better estimate,
it might scem reasonable to use the centroid of the target face for the
location of the centor-of.overpressure on both the front and back faces
when using the semiempirical models. The hydrocodes indicate that
such an approximation would be reasonable for the front face, but not
so for the diffraction phase on the back face.

buring the early part of the diffraction phase, the hydrocodes
predict a significantly greater average overpressure on the bhack face
than do the semiempirical models, acting considerably above the mid-
point on the back face. During the remainder of the time simulated hy
the hydrocodes, the computed loading is still well above that predicred
by the semiempirical models, but with the center-of -overpressure near
the arca controid. Specifically, an average of the BAAL and HULL 8
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average overpressure on the hack face over the time interval

6.6 €<t €£15.8 ms is 151 percent greater than that predicted by the
Technical Manual, and 57 percent greater than that predicted hy Taylor's
model. For the time interval 17.2 < t < 33.4 ms, the two hydrbcodb
solutions average 30 percent greater than the Technical Manual and 5.7
percent greater than Taylor's model.

The histories of the net rotatio.al moment duc to overpressure on
the shelter computed by using BAAL, HULL B, and each of the two semi-
empirical models are shown in Figure 11. The rotational moments arc
computed about a line in the plane of the bottom boundary and perpendic-
ular to the side face. As was the case for the net loading curves in
Figure 3, Taylor's model! yields rotational moments larger than thosc
for the Technica! Manual very early in the diffraction phase and also
in the drag phase, but significantly smaller values throughout the
majority of the diffraction phase. The HULL B computaticn shows the
oscillation in the solutions in the ecarly diffraction phase as discussed
carlier. For 4 <t € 20 ms the HULL B and BAAL solutions show excellent
agreement with one another, predicting values well below those for the
simple models. During that time interval, the hydrocodes average 17
percent less than that predicted by the Technical Manual, and 31
percent less than that predicted by Taylor's medel, For t > 20 ms, the
BAAL and HULL B solutions diverge significantly from one another. By
33.1 ms, the HULL B computatijon has reached a net rotatjonal moment due
to overpressure of 55.0 kN-m, 20.3 percent less than the Technical
Manual model's value of 69.0 kN-m, and 33.5 percent less than the value
of 82.7 kN-m ohtained by using Taylor's model. By 33.6 ms, the RBAA
computation has reached a net rotational moment due to overpressure of
97.8 kNem, 41.7 percent greater than the value from the Technival
Manual model, 19.3 percent greates than the value from Taylor's model,
and 77.8 percent greater than the value from the HULL B computation at
33.1 ms.

The reason for this divergence is two-fold, The BAAL cosputatieg
shows taich higher late-time overpressure on the front face of the
shelter than does the HULL B cemputation, as shown in Figure T, with a
center-of overpressure conajstently above that for the HiLL B computa-
tion, as shown in Figure 9. Conversely, the BAAL computst fon thows
only somewhat higher late-time overpressure oh the back face of the
shelter than does the HULL B computation, as shown in Figure R: it has
a center-of-overpressure consistently below that for the HM R voepis
tation, as shown in Figure 10. At least part of the reaxen for thix
difference in behavior hetween the two hydrocode solutions is the
apparent anomalous behavior in the BAAL solution discusacd earlics
More information on the grid and the anomalous behavier iz presentind

in Appendices C and E.

If the hydrocede cosputations are correct, as they appeay to he,
then the net rotational moment on a 3-B structurc may he such less than
would be indicated by the existing semiempirical aodels. This indicates
less vulperability to overturning than asay have previously been ascumed.
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IX. CONCLUSION

In general, the hydrocodes show good agreement with onc another in
predicting overpressure averaged over each of the given faces of the
S-280 Electrical Equipment Shelter. They are also useful as comparative
tools in evaluating the capability of the semiempirical models to
predict such loading. Additionally, the hydrocodes provide a great deal
of information for which more easily used predictive models (similar to
the semiempirical models discussed here) are not available and which is
not readily gathered experimentally. An example of this is the uce of
the data from the hydrocodes to make accurate estimates of the location
vs time of the center-of-overpressure for use in computing rotational
moments. Also, the analysis of the various hydrocode results discussed
here has allowed some quantification of the effects of such items as
the value of the CFL number, numerical diffusion caused by the finite
difference grid, and artificial viscosity.

The model outlined in the Technical Manual does not appear to be
suitable for predicting either the shock diffraction or the drag phase
loading on a three-dimensional structure such as the S-280 Electrical
Equipment Shelter. The front facc loading prediction for the diffraction
phase seems to be too high; the prediction for the drag phasc appears
to be reasonable. The prediction for the back facce loading is too low,
and is made worse by predicting too long a rise time for overpressure
to go from zero to the predicted drag phase value. The models for
predicting the loading on the top and side faces are fairly goad at
predicting the initial increasc of average overpressurc with time, but
they underestimate its peak value; thercafter, the models appear to bhe
significantly in error.

Taylor's model! for estimating the average overpressurce on the
front of a three-dimensional structure is a significant improvement
over the model suggested in the Technical Manual, particutarly during
the diffraction phase. However, predictions of average overpressure
in the drag phase using Taylor's model appear to he somewhat high
compared with the hydrocode predictions. The change suggested by
Taylor to the Technical Manual model for the average overpressurc on
the back face is an improvement, but it too underpredicts the loading
for all time, missing tho peak overpressure and overestimating the
time required to reach the predicted peak overpressure. Taylor did
not address the top and side fuce loading.

The empirical models suggested by gehridge!” provide o quick and
fairly accurate means of estimating the average Overpressure as a
function of time on both the front and back faces of a rectangular
parallelepiped. The modifications to the models in the Technical
Manual for the back, top, and side faces of a roctangular parallelepiped
proposed in this report also provide a quick, accurate meuns of esti-
mating average overpressure, with the added feature of providing some
of the detailed loading variations observed in the hydrocode computa-

tions. .
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The semiempirical models do not provide a means for computing the
time-history of the center-of-overpressure on the various faces of the
structure. As a result, it is not possible to computc rotational
moments unless assumptions arc made concerning the location of the
center-of -overpressure. Alternatively, center-of-overpressure models
could be developed. The hydrocodes do provide this information.

The hydrocodes and the semiempirical models all provide conflicting
information during the drag phase. This late-time loading is important
because it is during this time that overturning either will or will not
take place. Unfortunately, relatively little experimental data have
been gathered for late-time loading. This problem needs to be resolved
both experimentally and computationally. Comparison of latc-time
loading obtained via experiment with that from inviscid codes such as
HULL will also be of value in determining whether or not viscous effects
should be modeled.
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APPENDIX A

SOIUTTON FOR SHOCK TUBE WITH CLOSED END




Th? following is a summary of the flow coaditions .or ‘he 4.5 kDPa
(5.0 psi) step shock described in the section "Reference Problem® and
used in the HULL and BAAL computations. The shock is assumed to have
been produced in a shock tube having a high-pressurc reservoir and a
low-presswre reservoir initially in thermal equilibrium with on:
anotherf with the fluid in each reservoir at rest. The high-pressurc
reservoir corresponds to region 3 in Figure 1, and the low-pressure
rezervoir to region 1. The shock tube is assumed to he closed at hoth
ends.

At some time, t', after the diaphragm separating the high- an“
low-pressure rescrvoirs has been removed, a right-traveling shock wave
has developed and is moving into region 1, producing shocked region Z.
Simultancously, a left-traveling expansion fan has developed and is
moving into region 3, producing the expanded, accelerated region 4.
Regions 2 and 4 are adjacent to one another. They have matching pressure
and normal velocity components across their common boundary, but will,
in general, have different densities and specific intermal encrgies.
Hence, this boundary is a discontinuity, called a contact discontinuity
or contact surface. At some time, t', the shock reflects from the
closed right end of the shock tube, creating a left-traveling reflected
shock wave with region 5 behind it.

For the reference problems T1 = 288.2 °K, Py 101.,3 kPa, and
Py = 1.225'kg/m3, The gas in bhoth regions 1 and 3 is assumed to be air,

and is further assumed to be a polytropic gas with y = 1.4. The shack
has an overpressure of 34.5 kPa. Table A.1 contains a fairly complete
description of the five regions, using numerical values taken to
slightly higher accuracy than the nominal values uscd in the text,

The computational grid was set up using the conditions in region !
for the undisturbed ambient air, and those in region 2 for the shocked
air. The conditions in region § represent the region behind the
reflected shock prior to the arrival of any cxpansion wiaves.
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APPENDIX B

DETAILED DISCUSSION OF SEMIEMPIRICAL MODELS




A. Pront Face

The Technical Manual's method for computing the loading on the
front face of a rectangular parallelepiped (such as the shelter) is
based on an assumed clearing time tes where

_ 3h
t = E; . (B.1)

Here, Cg is the sound speed on the front face of the shelter after the

shock has reflected from it. The value to be used for h is the smaller
of either the height of the shelter or one half the width. The clearing
time t. is "... the time required to clear the front wall of reflection

effects"?. During this time, the average overpressure on the front face
decreases from the peak reflected overpressure to a value, in the case
of an exponentially decaying wave, computed by?

PE = p*(t), + 0.85 -;:- 0 u,?. (8.2)

In Equation (B.2), Py is the density behind the incident shock, u, is
the particle velocity behind the incident shock, and p*(t)f is the time-

dependent value of the incident shock overpressure at the plane of the
front face,

/
00 ) 1+ o
Here, p, is the absolute pressure ahead of the shock and P, is the

absolute pressure behind the shock., Also, t is the time measured after
shock arrival at the front face; t, is the time required to travel to

the surface under consideration, which in this case is the front
surface, so td = 0.,0; tpos is the duration of the positive phase. For

a step shock, Bquation (B.3) reduces to

'(t'td)/tpos‘ (5.3)

pr(the = pp = (py - Py)s (B.4)

so Equation (B.2) becomes

1 2
p; L ‘)2 ad pl + 0085 2‘ ‘32 u2 . (B.S)

For the reference shock (See Scction IT and Appendix A.), the peak .
reflected overprossure on the front face of a rectangular parallelepi-

ped is (pg - pl).




Taylor! suggested an alternate method to estimate the loading on
the f?ont face of an obstacle, based on the number of rarefaction wave
crossings. For a 3-D object such as the shelter, there will be a
succession of rarefaction waves originating from the top of the front
face and reflecting from the bottom boundary, plus a succession of
rarefaction waves originating from the side face and reflecting from
the symmetry plane. The reflected waves will also be expansion waves.
In an actual occurrence of loading through shock diffractien, there is
considerable interaction between the crossing expansion waves. Because
Taylor intended that the method be a simple approximation, the waves
are assumed not to interfere with one another. As a further simplifi-
cation, the rarefaction wave speeds are assumed to be equal to the
sound speed in the reflection region immediately after the incident shock
reflects from the front face.

Using Taylor's method, the required cressing time for an expansion
wave running from the top to tho botiom of the fremt face is computed,
as is that for an expansion wave running from the side edge to the
symmetry plane. For each expansion wave crossing, the average over-
pressure on the front face is then computed as a percentage of the
initial reflected overpressure on the front face (pg - pi)' 2s shown in
Table 1 of this report, ) _
\
R, Back Face

The time required for the incident shock wave to arrive at the
plane of the back wall is

(B.6)

whore D is the shelter depth, and wi is the velocity of the incident

shock. The rise time? roquired for the pressure on the back face to
go from ambient at time td to its poak average value is

(8.7)

(tp)pige © E; .

where a = 4.0, ¢ is the sound speed ahecad of the shock, and h is
defined as before. ‘The peak average overpressure’ on the back face is

(P8 gax = P (t)y (%)[l s (1 a)e“‘] . (B.8)

where p'(t)b is the incident shock wave overpressure at the time it
arrives at the plane of the back face (See Equation (8.3).), and
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1 [p*(t).],_
B = 7-—})_1__.-5_.?__9_ . (B.g)

Here [p*(t)f]t=o is the incident shock wave overpressure at the time it
arrived at the plane of the front face, and P, is the absolute pressure
ahead of the shock. For the step shock considered here,

p*(t)el, ., = P (2] = (pz - pl) (B.10)

The Technical Manual model modified for a step shock implies that the
average overpressure on the back face would remain at (pg) .. indefi-
nitely. max

Taylor's data indicate that the constant a used in Equation (B.7)
to compute the rise time should be changed to 2.5 from 4.0. The rise
time is measured from the arrival time, tys of the shock at the plane

of the back face to the time at which the average overpressure on the

back face reaches (sz)max‘ This gives a more rapid rise time on the

back face than that computed by using the model in the Technical
Manual.

C. Top and Side Faces

Taylor does not suggest an improved method fnr computing the
average overpressure on the tap and side faces of an ohject such as the
shelter. The method outlined in the Technical Manual iz preserted here
for later comparison with the results computed using the hydrodynamic
computer codes. From time zero, when the incident shock wave reaches
the plane of the front face of the target, to the time t, at which the

shock wave reaches the plane of the back face, the average overpressure
on the top face varies linearly? from tevo to :

pe 0.9+ 0.1(1.0 P2 B0
ptop = (pz - pl) Ot- * 0' 15 ol "““"f“i‘—"“':’ ( »
4
for the step shock considered here. To asccount for vortex growth,

shedding, and subsequent travel doun the top face, the model predicts
a local minimum in the average overpressure at the time

' sh .
t = - (".121
poin -~ W,

At that time, the average overpressurc on the top face is computed” an
either '

- 54




p;op = (pz - p1> 2.0 - (——§1 + 1)(5) ) (8.13.1)

or

\ 2
— 1 Pg - pl
p* ={p,-p)]|0.5+0. -1, 13,
top ( , x) 0.5+ 0.125( 2 » ) (B.13.2)

whichever is the lesser of the two, for the step shock considered here.
After this time, there is a lineaxr rise in the average overpressure to
a value in the case of a step shock of

Piop = P2 " Py » (8.14)
from the time tpmin to a time
15D
t = tpmm + -w-i-— . {B.15)

According to the method outlined in the Technical Manual, the geometry
of the sheltor is such that the times and average overpressures for the
top face also apply divectly to the side face of the shelter.

$S




appRIDIR €

CONPUTATIONAL GRIDS

s7




Y
RN

RS

Because the HULL and BAAL codes use different conventions for
naming directions and indices, the BAAL results!® and the flow field
description are reproduced in part using the HULL hydrocnde conventions.
Figure 6 of this report chows a 3-D view of the shelter in the computa-
tional flow field. Figure C.1 shows the projection of the computational
grid on the front face, Figure C.2 the projection on the top face, and
Figure C.3 the projection on the side face. The indicated pressure
anomalies on these faces in the BAAL computation are discussed in
Appendix E.

The computational grid used for the HULL code is identical with
that used in the BAAL computation, except that the HULL grid has one
additional plane of cells in the X direction, four additional planes of
cells in the Y direction, and three additional planes of cells in the
Z direction, all added at the upper extreme of distance in the respective
directions. Table C.l is a tabulated list of cel. vertex locations
versus computational grid indices. The single plane of cells was added
to the HULL grid in the X direction to satisfy a code requirement that
the number of cells in the X direction be odd. The extra planes of
cells were added in the Y and Z directions for the HULL grid to allow
the code to process a longer simulated flow time prior to the possible
arrival at the shelter of artificial signals reflecting from cthe
transmissive boundaries of the computational flow field.
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Table C.1.
I X (m)

Origin 0.0000
1 1.9622
3.3154

3 4.2487
4 4,8923
5 5.3520
6 5.6804
7 5.9233
8 6.1176
9 6.2731
10 6.4285
11 6.6228
12 6.8657
13 7.1693
14 7.5488
15 7.8524
16 8.0953
17 8.2896
18 8.4451
19 8.6005
20 §.7948
21 3,0377
22 9,3661
23 9.8258
24 10,4694
ri 11,4027
26 12.7559
27 14,7181
28 16,6803
29 18,6425
30 20,6047
31 22,5668

Cell Vertices, HULL and BAAL Grids

J

Y (m)

Origin

1
2
3
4
S
6
7
8
9
10
1
12
13
14
15
16*
i7*
18*

19*

*Added cell, HULL grid only

0.0000
0.3376
0.6752
1.0128
1.2828
1.4989
1.6717
1.8100
1.9483
2.1332
2.3805
2,7383
3.2744
4.1965
5.6671
8.0129

L. 10,3587

12,7044

- 18,0502
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17,3959

X Z (m)
Origin 0.0000
1 0.3933
0.7865
3 1.1798
4 1.4944
5 1.7461
6 1.9474
7 2.1085
8 2.2696
9 2.4850
10 2.7732
11 3.1900
12 3.8145
13 4,7499
14 6.2012
15 8.4529
16* 10.7047
17 - 12,9564
18+ 15,2081
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Figure D.1 shows the gage positions that Taylor! used in
e§timating the loading for the front and back faces of a three-
dimensional rectangular parallelepiped tested in the BRL shock tube.
The experimentally measured overpressure histories for these points were
used as a basis for evaluating the BAAL computation by Gentry et al$,
Point A is located at the centroid of triangle FGO, point C at the
centroid of triangle EOH, and point D at the centroid of triangle EFO.
Taylor's function for estimating the average overpressure on either the
front or back face is

ZpX + pé + ps
'y 3

P* =

(D.1)

where pR is the overpressure at point A, pz is the overpressure at
point C, and pB is the overpressure at point D.

Ethridge!2 has proposed empirical correlation functions for the
front and rear surfaces of a rectangular parallelepiped. For the
average overpressure on the front surface of a S-280 shelter struck by
the reference 34.5 kPa step shock, Ethridge's function reduces to

-44 .47 t)

(1,412 + (1667 e .
.(D.2)

Ph = 38.51 + (40,02) ("3R4 L)

Figure D.2 shows a comparison of the average overpressure on the
front face computed with Ethridge's empirical function, HULL B, and
Taylor's weighted function shown in Equation (D.1). The overpressure
histeries for points A, C, and D were computed using spatially inter-
polated values for those points in the HULL B computation. Figure D.2
indicates that Taylor's weighted function for those three points gives
an excellent approximation to the average overpressure for the front
face. Ethridge's ompirical function also shows good agreement with the
computed solution, especially at late time. At carly time, Ethridge's
function is probably more reliable than the HULL B solution because it
is based on the theoretical reflected value at time zers and is not
subject to the kind of numerical oscillation exhibited by the HULL
solution. However, it does not show the apparent over-relief of
pressure found both exporimentally and computationally near 10 ms.

Figure D.3 shows the average overpressure on the buck face of the
shelter computed with Ethridge's cmpirical function, Taylor's weighted
function, and HULL B. Ethridge's empirical function for the average
overpressure on the back face of the shelter struck by the reference

shock roeduces to

2
By - ('gsoo)l:l L1612 (1 5656 ¢t )]‘ 0.%)
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Taylor's weighting function, Equation (D.1), is the same for the back
face as for the front face. The overpressures for points A, C, and D
on the back face were computed by performing linear interpolations in
the HULL B solution in the' same manner as was done for the corresponding
points on the front face. Ethridge's.empirical function shows good
general agreement with the HULL B computation, but does not show the
peak and local minimum suggested in Figure 8 of this report and by the
proposed model. It also seems to load the back face more rapidly. The
weighted function of Equation (D.1) seems to be a reasonable approxima-
tion to the full solution except that it overpredicts the loading near
the peak. This overprediction is especially interesting because it is
of essentially the same nature as the overprediction of Taylor's
weighted function!, as shown by Gentry et al®. Figure 14 of their
report, reproduced here as Figure D.4, compares the experimentally
measured overpressures, the complete BAAL solution, and the interpolated
values for analogous points A, C, and D on a rectangular parallelepiped
tested in the BRL shack tube., The solid line represents the weighted
average for the experimentally measured values at points A, C, and D.
The dashed line with the x's represents the weighted average of the
overpressures at points A, C, and D found by performing linear inter-
polation using a BAAL hydrocode computation. The dashed line with the
o's represents the average overpressure on the back face using the BAAL
computation for the entire face.

65




i

R g{
g
E;
!
t
{

T
@

SYMMETRY PLANE

m
n

Figure D,1. Taylor's gage positioning for front and
back face loading on a rectangular
parallelepiped.
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3 A. Front Face

4 As may be seen by comparing Figures C.1, C.2, and C.3 in Appendix
C with Figures 2a, 2b, and 2c in the earlier study!?, additional
apparent anomalies have been identified in the BAAL computatinn during
3 the current analysis. The anomalies on the front facc of the shelter
& 3 are manifested as excessively high pressures in the topmost row of flow
| field cells (indices I = 9, J =1 through 7, K = 7, or (9,1-7,7)) and
9 ¢ the right-most column of cells (9,7,1-7). Figure E.1 shows over-

“ ! pressure histories for cell (9,7,4), a flow field cecll in the right-
= most column of cells on the shelter's front face, four cells up from
- the bottom. Except for very early in the diffraction phase, the BAAL
§ ' overpressures for the cells in that column, as cell (9,7,4) typifics,

! - are in general significantly larger than those for the two HULL compu-
3 tations. Correspondingly, Figure E.2 shows an even more severe cffect
3 in the overpressure history for ceil (9,7,7), the flow field cell on

4 the upper right corner of the front face. Except in those areas where
. apparent anomalous behavior is cxhibited in the BAAL solution for the
1 front face, the relative agreement in the BAAL and HULL computations

4 §- is more accurately characterized by thc overpressure history of cell

' (9,3,3), a cell located near the center of the one-half shelter front
face, as shown in Figure E.3. Here, the RAAL computation shows the
more typical increase in overpressure above that for the HULL computa-
tions for late time (t > 20 mes).

P

¥
i

B. Back Face

The pressure anomalies in the BAAL computatien for the back face
of the shelter ave in essentially the opposite sense from those en the
frout face. The overpressures for the top row of flow field cells
(19,1-7,7) and the outermost column of flow fleld cells (19,7,1.7)
are significantly less than those computed by using UL, Figure 1.4
shows the overpressure history of cell (19.3,7), onc of the flow field

e, s

3! §s - cells along the top row of cells on the shelter's back face. It shows
§§ E - ' © the typical late-time overpressure disagrecment hetween the BAaAl
: - computation and the HULL computations for that row of flow field cells.

[

Figure E.$ shows a similar, typical dizagreement between the BAAL and
. HULL cemputations for a flow field cell in the outermost column of
‘¢ells on the back face. Figure B.6 shows the everpressure history of
_ flow field ¢ell (19,3,3), situated approximately on the center of
T the oneshalf back face. The relative performance of the BAAL and HULL
Seomputations shown in Figure E.6 rypifies that for th flow field cells
on the back face, but not at the outer edges of the hack face.

€. Top Face

Apparent pressure ancmaties in the RAAL computation also exist en
*the top and side faces, and are quite similar to those on the front
and baek faces. Figure §.7 shows the overpressure history of flow
field cell (10,3,8), the third cell in the V divection from the

-
&

AP SO Sl




symmetry plane in the first row of flow field cells along the top face.
Here, the overpressure as computed by BAAL is consistently much less
than that computed by either of the two HULL computations. The over-
pressure hiscory of flow field cell (9,3,7), the top flow fic'd cell

in the third column of cells up the front face (not shown in this
report), shows relative values of overpressure between the BAAL and HULL

-..computations similar to those shown in Figures E.4 and E.5. This is

part-of.a consistent pattern of the main ditferences in the overpressure
histories in-the¢ HULL and BAAL computations for flow field cells just
before and just after a 90-degree expansion corner. The BAAL computation
shows consistently higher-values of overpressure than d» the HULL compu-
tations in the flow field cells on..the shelter surface just upstream of
the 90-degree expansion corner, and consistently lower values on the
shelter surface just after the expansion. Figure E.8 shows the over-
pressure history of flow field cell (18,3,8), the third cell in the

Y direction from the symmetry plane in the last row of flow field cells
along the top face. Here the overpressure from the BAAL computation is..
consistently greater than from the HULL computations. Figures E.l and '
E.2 show similar results for analogous front face cells. Figure L[.9
shows the overpressure history of flow field ceil (14,7,8), the outer-
most cell in the fifth row of flow field cells down the top face. This
00-degree corner of the shelter is along a line parallel rather than
perpendicular to the flow; hence there are no large pressure or velocity
gradients around this cell as there would be for a similar corner which
is oriented perpendicular to the flow. As may be seen in Figure F.9,

the agreement between the HULL and BAAl ccdes is generally good, except
for the delayed, enhanced peak for HULL A; the cause of this discrepancy
was discussed earlier in this report. Figure E.19 for flow ficld cell
(14,3,8), located near the center of the haif of the top face, shows

the typical good agreement between the HULL and BAAL computations for
flow field cells on the top face but not immediately adjacent to the
90-degree expansion corner regions.

D. Side Face

Figure E.11 shows the overpressure history of flow ficld cell
(10,8,4), the fourth cell up from the bhottom boundary «a the first
column of flow field cells along tke side face. This cell is on the
downstream side of the §0-degree expansion corner from the front face
to the side face. The BAAL overpressure values are consistently less
than the HULL values, showing the same behavior as that for analogous
flow field coclls shown in Figures E.4, 1.5, and E.7, Flgure E. 12 shows
the overpressure history of flow field cell (18,8,4), the fourth cell
up from the hottom boundary in the last column of flow ficld cells
along the side face. This cell is on the upstream sido of the B0-degree
expansion corner from the side cace to the back face. As is the case
for the analogous flow field cells in Figures E.l1, E.2, and E.5, the
BAAL overpressure values are consistently greater than the values from
either of the HULL computations. Figure E.13 shows the overpressure
history of flow field cel? (14,8,3), the fifth cell along the thard
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row of flow field cells up from the bottom boundary on the side face.

As is the case for the analogous flow field cell shown in Figure E.9,

the BAAL and HULL calculations show good general agreement, as do the

flow field cells away from the edges of the top and side shelter faces
(such as those shown in Figures E.l14 and E.10).

E. General View

Figure E.15 shows an exploded view of the S-280 shelter, indicating
the pattern by which the BAAL computation of overpressure on the shelter
differs from that computed by HULL. The BAAL computation of overpressure
is consistently higher than that computed by HULL for flow field cells
on the shelter surfaces just upstream of a 90-degree expansion corner,
and consistently lower for flow field cells on the shelter surface just
downstream of a 90-degree expansion corner.
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LIST OF SYMBOLS

c velocity of sound (m/s)

h the clearing height (m), equal to the smaller of either the
height of the target or one-half of its width

p static, or side-on, pressure (kPa), absolute unless otherwise
indicated

t time (s), where t = 0.0 when the incident shock wave arrives at
the target front face, as computed according to theory

u particle velocity (m/s) with respect to an Eulerian reference
frame '

D the depth (m) of the target, mecasured in the direction of travel
of the incident shock wave

1 the specific internal energy (J/kg)

M particie local Mach numbef

R gas constant (J/kg-°x)

T static, or side-on, temperature (°K)

W wave velocity (m/s)-with respect te an Eulerian reference frame

X the direction of measure of depth (m)

Y the direction of measure of width (m)

A the:direction_of_measure of height (m)

a a constant multiplicative factor

8 (py - Py

Y the ratio of specific heats

n Courant-Friedrichs-Lewy (CFL) stability factor

o static density (kg/ms), absolute unless otherwise indicated

Subscripts

b the back facc of the target
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LIST OF SYMBOLS (Continued)

c clearing time when used with the symbol "t', the "... time
required to clear the front wall of reflection effects..."2

drag  the drag phase

£ the front face of the target

i incident shock wave

max a peak value

pmin  when used with the symbel "t", the time required for the average
pressure on a target face to reach a local minimum value after
having been loaded to a peak value by a shock wave

rise when used with the symbol t", the time required for a target
faca to reach a peak average pressure after the initial arrival
of the incident wave at that face

top the top face of the target

0 stagnaticn; or face-on, value after the flow is isentropically
brought to rest

1 ambient, atmospheric, or reference condition, specifically that
region of undisturbed gas ahead of the oncoming shock wave

2 the region behind the incident shock wave

3 the region representing the shock tube reservoir

4 the region separated from the shock tube reservoir by the
expansion wave, and scparated from the shocked gas by the
contact discontinuity

5 the region behind the reflectod shock wave

Superscripts

the value over the reference, or ambient, condition (e.g., p*
TCPTOSONtsS OVerpressure)

average value over a given face of the target
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